
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Innate and adaptive immunity against Streptococcus 
pneumoniae infection with emphasis on complement system 
 

ABSTRACT 
Streptococcus pneumoniae (S. pneumoniae) is a 
human pathogen that causes several important and 
life-threatening invasive diseases such as pneumonia 
and meningitis with high morbidity and mortality 
throughout the world. After transmission to the 
host, S. pneumoniae is first confronted by the 
host’s innate immune system before adaptive 
immune system activation. In the bloodstream, 
S. pneumoniae is specifically confronted by the 
complement system, which is a critical part of 
innate immunity. Complement system participates 
in host defenses including direct killing of bacteria 
through the assembly of a membrane attack 
complex, facilitation of phagocytosis through 
bacterial opsonization, recruitment and activation 
of immune cells, vasodilatation and increasing 
vascular permeability. Unfortunately, S. pneumoniae 
has developed several strategies to overcome 
innate and adaptive immune defenses in the 
respiratory tract. Extending our knowledge of the 
host immune response to S. pneumoniae is paramount 
for our improvement of pneumococcal disease 
diagnosis and treatment of patients. In this review, 
we outline the immune response developed during 
S. pneumoniae infection and the strategies 
developed to overcome host response with a focus 
on the complement system against S. pneumoniae. 

KEYWORDS: S. pneumoniae, innate immunity, 
adaptive immunity, complement system. 
 
ABBREVIATIONS 
IL: interleukin, MBL: Mannose-Binding Lectin, 
NLRs: (NOD)-like receptors, PAMPs: pathogen-
associated molecular patterns, Psp: pneumococcal 
surface protein, S. pneumoniae: Streptococcus 
pneumoniae, Th: T helper, TLRs: Toll-Like 
Receptors, TNF: Tumor Necrosis Factor, Tregs: 
regulatory T cells. 
 
INTRODUCTION 
The most common pathogens causing community-
acquired bacterial meningitis are currently 
Streptococcus pneumoniae (S. pneumoniae), 
Neisseria meningitidis, and Listeria monocytogenes, 
accounting for 70%, 10%, and 5% of cases, 
respectively [1, 2]. S. pneumoniae and Neisseria 
meningitidis are mostly responsible for two-thirds 
of cases in Europe and the United States [3], and 
S. pneumoniae is a serious bacterial pathogen of 
humans, which causes the majority of cases of 
pneumonia and many cases of meningitis and 
septicemia [4]. To date, despite advances in medical 
care, mortality from pneumococcal meningitis ranges 
from 16 to 37%, and neurological sequelae, 
including hearing loss, focal neurological deficits, 
and cognitive impairment, are estimated to occur 
in 30 to 52% of surviving patients [3]. After 
transmission to the host, S. pneumoniae is confronted 
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by the host’s innate (or natural) immune response, 
which is immediate and by the adaptive (or specific) 
immune response, which is late. An important 
component of innate immunity to S. pneumoniae 
is the complement system, which is activated by 
three enzyme cascades: the classical, the alternative, 
and the mannose-binding lectin (MBL) pathways 
[5, 6]. The system includes a large number of 
soluble proteins that are found in the circulation 
and in tissues [7]. The complement molecules 
play a key role in the innate immune system 
through facilitating the clearing of pathogens and 
damaged cells by immune cells, direct bacterial 
killing by the pore-forming membrane attack 
complex, and also promoting the inflammatory 
response through the production of anaphylatoxins 
[8]. In addition, the complement molecules play 
an important role in adaptive immunity against S. 
pneumoniae through B lymphocytes’ activation 
[9]. But, S. pneumoniae has evolved a number of 
ways to subvert the mechanisms of innate immunity, 
and this is likely to contribute to its pathogenicity. 
For example, the capsular serotype, proteins 
essential for virulence, as well the genotype, may 
all influence the ability of pneumococcus to resist 
the complement system and therefore its potential 
to cause disease. Thus, invasive S. pneumoniae 
infection may take place when the host is 
colonized with a pneumococcal strain to which it 
has not yet established immunity and when the 
host’s immune system is altered. Here we review 
the innate and adaptive immune response against 
S. pneumoniae with a focus on complement system 
and the strategies developed by S. pneumoniae to 
overcome host immune response. 
 
1. Host innate immunity against S. pneumoniae 
S. pneumoniae is a human pathogen that causes 
bacteremia, pneumonia and meningitis with high 
morbidity and mortality throughout the world. 
Young children under the age of five, the elderly 
and people with pre-existing health conditions are 
particularly susceptible to these infections due to 
their weakened immune system and the inability 
to clear the pathogens before they become pathogenic 
[10, 11]. S. pneumoniae is transferred between 
people mainly by coughing and sneezing. After 
transmission to the host, S. pneumoniae is first 
confronted by the host’s innate immune system, 
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which plays a pivotal role in host defense at the 
earliest stages of infection [12]. 
At the nasopharyngeal site, S. pneumoniae is 
targeted by physical, cellular and molecular barriers 
of the respiratory tract. The first line defense in 
the respiratory tract is epithelial cells. These cells 
line the respiratory tract and protect against 
pneumococcus. Some epithelial cells known as 
goblet cells secrete mucus necessary for maintaining 
moisture and trapping foreign particles and pathogens 
[13, 14]. Ciliated epithelial cells function 
simultaneously with the mucus to clear pathogens. 
In addition to this mucociliary clearance, epithelial 
cells can directly kill pneumococcus by secreting 
antimicrobial peptides such as defensins, 
lactoferrin or apolactoferrin, and lysozyme [13, 
15]. Defensins are small peptides produced by 
neutrophil cells that are active against a wide 
range of bacteria, fungi, and enveloped viruses. Due 
to their net positive charge and hydrophobicity, 
defensins are thought to exert their antimicrobial 
effects by permeabilizing the bacterial cytoplasmic 
membrane [16]. Lactoferrin acts bacteriostatically 
by depleting iron necessary for bacterial 
metabolism. Unbound lactoferrin (apolactoferrin) 
also has direct bactericidal properties, independent 
of iron scavenging, toward various pathogens, 
including S. pneumoniae [10]. In addition to 
lactoferrin, lysozyme is an antimicrobial innate 
immune molecule degrading peptidoglycan of the 
bacterial cell wall. It is a muramidase, which 
cleaves peptidoglycan and amino acids of S. 
pneumoniae leading to cell lysis. Deficiency in 
lysozyme led to an increased susceptibility to 
middle ear infection with S. pneumoniae and resulted 
in severe middle ear inflammation [10, 17]. This 
innate immune response to S. pneumoniae lung 
infection is critical for pathogen clearance and, 
one of the hallmarks of pneumococcal pneumonia 
is a rapid and exuberant response by neutrophils 
and macrophages [18, 19]. 
Neutrophils are phagocytic cells found in larger 
concentrations compared to any other white blood 
cells; they are generally the first to travel to the 
infection site. These phagocyte cells break down 
the cell walls of pathogens by producing granules 
such as defensins (primary granules) and lysosomes 
(secondary granules), which are antimicrobial 
peptides that can target S. pneumoniae [20]. In 
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and nucleotide-binding oligomerization domain 
(NOD)-like receptors (NLRs) [36, 38]. TLRs are 
mostly found on cell surfaces as membrane-bound 
molecules that recognize PAMPs leading to the 
recruitment of immune cells and production of 
cytokines [39]. The main TLRs involved in 
pneumococcal infections are TLR2, TLR4, and 
TLR9. TLR2 is necessary in pneumococcal 
infection because it recognizes bacterial cell wall 
constituents [24, 39, 40]. TLR4 was the first TLR 
to be characterized and is needed for recognition 
of pneumococcal pneumolysin [40, 41]. TLR9 is 
intracellular and senses bacterial DNA within 
endosomes. It binds to CpG motifs on the DNA, 
and when activated it allows the release of 
cytokines [38, 39]. In addition to cytokine 
production, the activation of these TLRs facilitates 
the secretion of co-stimulatory molecules [39], 
which are necessary for activating T cells in 
adaptive immunity. In pneumococcal infections, 
NLRs recognize muramyl-dipeptide, which is a 
fragment of bacterial peptidoglycan in the cytosol 
[24] that promotes the production of cytokines and 
the recruitment of macrophages and monocytes to 
the infection site [42]. The expression and 
function of TLRs and NLRs decrease with age. 
Overall TLR cell signaling impairment causes a 
reduction in the cytokines produced, leading to 
poor defense against S. pneumonia, while decreased 
expression of NLR leads to weakened response to 
S. pneumoniae’s PAMPs [43]. 
 
2. Complement activation in S. pneumoniae 
infection 
Once in the bloodstream, S. pneumoniae are 
confronted by the complement system [3], which 
is a critical part of innate immunity and plays an 
important role in the recognition and clearance of 
pathogens such as S. pneumoniae [44]. It is 
comprised of a set of small proteins that enhance 
the ability of antibodies and phagocytic cells to 
clear microbes and damaged cells. Complement 
system participates in host defenses through a 
range of mechanisms including direct killing of 
bacteria, facilitation of phagocytosis through 
bacterial opsonization, recruitment and activation 
of immune cells, vasodilatation and increasing 
vascular permeability. The direct killing of bacteria 
occurs after assembly of the membrane attack 

addition, the expression of the cytokine IL-17 has 
been shown to correlate with the clearance of 
pneumococcal colonization, and both IL-17 and 
neutrophils were found to be necessary for an 
accelerated clearance in mice [21]. It is important 
to notice that neutrophil response changes with 
age. Neutrophil activity improves and strengthens 
in young adults, while infants experience minimal 
protection by neutrophils in their early days of life due 
to poor bactericidal function, impaired phagocytotic 
activity, low response to inflammatory signals, and 
reduced chemotaxis [22, 23]. Elderly populations 
experience impaired chemotaxis, which may lead 
to the overproduction of proteases by neutrophils. 
This causes an increase in inflammation levels in 
older subjects [11].  
Macrophages also are phagocytic cells that engulf 
and directly kill S. pneumoniae [24]. Phagocytic 
activity in alveolar macrophages is important 
during early responses to subclinical infections 
[25], and during moderate S. pneumoniae lung 
infection. These cells are derived from monocytes. 
The monocytes migrate into the lungs, differentiating 
into monocyte-derived alveolar macrophages [26]. 
Deficiencies of phagocytic cells, such as neutropenia 
[27] or macrophage phagocytic receptor defects, 
lead to diminished pneumococcal clearance and 
increased risk of invasive pneumococcal disease 
in both mouse models and humans [28, 29]. In 
addition to directly eliminating pathogens, the 
macrophages can recruit other immune cells such 
as neutrophils via secretion of key cytokines like 
tumor necrosis factor (TNF), interleukin-1β (IL-1β), 
and interleukin-6 (IL-6), which regulate effector 
cell functions and pulmonary inflammation [30-
33]. Macrophages can also remove dead neutrophils 
[34, 35] and other cells via phagocytosis and 
apoptosis. The activation of these cells against 
S. pneumonia is dependent on pattern recognition 
receptors (PRRs). For example, toll-like receptors 
(TLRs) 2 and 4 work together to activate 
macrophages in the presence of pneumococci [36]. 
PRRs are receptors that recognize pathogen-
associated molecular patterns (PAMPs). This 
receptor can be found on host cell surfaces, located 
intracellularly, or in secreted forms present in the 
bloodstream and interstitial fluids [24, 37]. There 
are two main types of PRRs that participate in the 
host’s immune response to pneumococcus: TLRs 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

protects against infection in three ways. First, it 
generates large numbers of activated complement 
proteins that bind to pathogens, opsonizing them 
for engulfment by phagocytes bearing complement 
receptors [18]. Second, the small fragments of some 
complement proteins act as chemoattractants to 
recruit more phagocytes to the site of complement 
activation, and to activate these phagocytes [54]. 
Third, the terminal complement components damage 
certain bacteria by creating pores in the bacterial 
membrane [18]. In pneumococcal infection, 
complement-activated molecules contribute to 
pneumococcal infection clearance, anaphylaxis 
and inflammation resistance. A protein complex, 
convertase 3/5, transiently formed by C3b and 
C4b, and the protease fragment Bb and C2b, 
activates complement components C3 or C5 and 
promotes opsonization, amplification and/or 
generation of effectors molecules [54]. Upon 
activation of C3 and C5 by a protein complex 
convertase 3/5, the effector fragments C3a and 
C5a are released. These fragments, also called 
anaphylatoxins, exert numerous immunomodulatory, 
chemotactic and/or cell-activating functions [54]. 
Complement protein fragments C4a, C3a and C5a 
(with increasing order of activity) are all 
anaphylotoxins, which cause the degranulation of 
basophils and mast cells as well as contraction of 
smooth muscles [54]. In addition to its function as 
anaphylatoxins, C5a and the membrane attack 
complex are both chemotactic factors. C5a is also 
a potent activator of neutrophils, basophils and 
macrophages and allows the induction of adhesion 
molecules on vascular endothelial cells. C3b and 
C4b fragments can act as opsonins when deposited 
on the surface of microorganisms to facilitate their 
removal; this process is known as opsonization. 
Therefore, these fragments can bind to the 
complement type 1 receptor present on phagocytic 
cells and thus promote opsonic phagocytosis [8]. 
Other biologically active products from degradation 
of the C3 fragment (iC3b, C3d and C3e) can also 
bind to different cells through separate complement 
receptors and modulate the functions of these cells 
[8]. However, autoimmune reactions, age-related 
modifications, deficiencies, and genetic alterations in 
complement proteins often exacerbate 
complement-mediated damage and tip the balance 
from protection to destruction [55]. 

complex, which forms pores in the pathogen 
membrane, inducing cell lysis [45]. 
Complement can be activated on pathogen surfaces 
through three distinct pathways: the classical pathway 
activated by antibody binding to an antigen, the 
alternative pathways, which are continuously 
activated at low levels but are only amplified on 
foreign surfaces due the absence of inhibitors on host 
cells and the lectin pathway which is activated by 
MBL recognition of carbohydrates on microbial 
surfaces [46]. These pathways depend on different 
molecules for their initiation, but all the pathways 
converge at C3 (which is the most abundant 
complement protein found in the blood), resulting 
in the formation of the activation products C3a, 
C3b, C5a and the membrane attack complex 
(C5b-9) [47]. In order to identify which pathway 
plays the major role in response to pneumococcal 
infection, different investigations have been done 
on mice deficient in complement pathways. Brown 
et al., in 2002, stated that the classical pathway is 
the most important pathway in response to 
pneumococcal infection [48]. The importance of 
the classical pathway for immunity against 
pneumococci is further supported by the observation 
that deficiency in classical complement components 
such as C1q, C4 and C2 is associated with 
recurrent and severe pneumococcal infections [49, 
50]. As observed for the classical pathway, studies 
that are more recent found an important contribution 
by the lectin pathway in S. pneumonia infection. Ali 
et al. (2012) showed that mice strains deficient in 
the lectin pathway, which can still activate 
complement via the classical pathway and the 
alternative pathway, are highly susceptible to 
pneumococcal infection [51]. A meta-analysis on 
human studies suggested that MBL deficiency 
might be associated with susceptibility to invasive 
pneumococcal disease [52]. Brouwer et al. (2013) 
confirmed this in a cohort study, showing that 
MBL deficiency was associated with a considerable 
increase in susceptibility to meningitis caused by 
S. pneumoniae [53]. Thus, the importance of the 
different complement pathways’ role in pneumococcal 
infections needs to be further investigated.  
However, irrespective of the specific pathway for 
complement activation, the complement system 
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Forty percent of patients with C3 deficiency have 
an increased susceptibility to pneumococcus with 
invasive pneumococcal disease in most cases [64]. 
In patients with defects of the classical pathway, 
15% with deficiencies in C2 have invasive 
pneumococcal disease [64]. S. pneumoniae was 
also isolated more sporadically from patients with 
other deficiencies of the classical pathway, such 
as C1q, C1r or C1s, and from patients with 
deficiency in alternative pathway components 
such as properdin, factor D and factor I [60]. The 
importance of the classical pathway for immunity 
against S. pneumoniae is further supported by the 
observation that deficiency in classical 
complement components such as C4 and C2 in 
addition of C1q is associated with recurrent and 
severe pneumococcal infections [49, 50]. 
Similarly, mouse models of complement 
deficiency reveal an increased susceptibility to 
pneumococcal sepsis [48]. Recurrent and invasive 
S. pneumoniae infections occur in individuals 
with defects in the terminal components of the 
complement pathway C5-C9 [65]. The absence of 
alternative pathway factors such as factor D and 
properdin may also result in a similar increase in 
risk of infections. Defects of MBL have been 
associated with recurrent respiratory tract 
infections such as pneumonia and meningitis [65]. 
Recently, a case of primary pneumococcal 
peritonitis has been described. This case has 
revealed a family with compound heterozygous 
deficiency for complement factor I that is a serine 
protease acting as a regulator of all complement 
pathways by cleaving and inactivating C4b and 
C3b, respectively [66, 67]. 
 
4. S. pneumoniae mechanisms to escape host 
innate immune defenses  
S. pneumoniae has a large selection of virulence 
factors that promote adherence, invasion of host 
tissues, and allows it to escape host immune 
defenses. As the most important virulence factor, 
the capsule repulses the sialic acid residues of 
mucus by its negative charge, thereby decreasing 
the likelihood of entrapment [14, 68]. S. pneumoniae 
capsule helps to initiate infection by allowing 
adhesion to host cells and inflammation, while 
also providing protection from the host’s immune 
system. Moreover, the capsule inhibits phagocytosis 

Recently, it is becoming increasingly evident that 
complement also plays an important role in 
adaptive immunity involving T and B cells that 
help in elimination of pathogens [56]. As a bridge 
to adaptive immunity, the complement molecule 
C3 leads to B cell activation through complement 
receptors CD21 and CD35 [9]. Complement 
molecules also assist in the clearance of immune 
complexes, cellular debris, and apoptotic cells and 
have been associated with early development and 
tissue repair. Thus, complement exerts much broader 
functions in immune surveillance and homeostasis 
[8]. Such a broad involvement in physiological 
processes can only be achieved through close 
communication of the complement system with 
other regulatory systems. Indeed, numerous 
relationships involving crosstalk between complement 
and other biological systems have been described, 
underscoring a role for complement as an 
immunological mediator, rather than merely an 
antimicrobial effector [57].  
 
3. Complement system deficiency in  
S. pneumoniae infection 
Primary immunodeficiency diseases are defects of 
the immune system that lead to increased 
susceptibility to infection and/or immune 
dysregulation [58]. Deficiencies of components of 
complement have been described [59]. They 
include early components of the classical (C1, C4, 
C2), and alternative (factor D, H, I, properdin) 
pathways, C3 deficiency, deficiencies of the 
membrane attack complex (C5-C9) and defects of 
lectin pathway (MBL and MBL-associated serine 
proteases). Deficiencies in the complement system 
are well known to increase the risk of bacterial 
infections [53] and patients with these deficiencies 
are susceptible to encapsulated bacterial infections 
such as S. pneumoniae [60]. Thus, several studies 
have quantified complement molecules in blood 
and cerebrospinal fluid, and have shown that 
complement levels are correlated with severity 
and disease outcome [61, 62]. When it is 
deregulated or over activated due to host genetic 
or microbial virulence factors, complement can 
turn from a homeostatic effector to a pathological 
effector that drives various inflammatory 
disorders and cancers, reflecting the multifaceted 
nature of complement interactions [63]. 
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may bind to the platelet-activating factor receptor 
on activated epithelial and endothelial cells leading 
to the mechanism of epithelial transmigration. By 
binding to the platelet-activating factor receptor, 
the pneumococcus may enter the platelet-activating 
factor receptor recycling pathway, which transports 
the bacterium to the basal membrane of the host 
epithelial cell, which may lead to invasive disease 
[77, 78]. Another mechanism involves the binding 
of the pneumococcal choline-binding protein C 
(PspC) to the extracellular portion of epithelial 
polymeric immunoglobulin receptor as an 
important factor for facilitating colonization and 
invasive disease [79]. 
Against complement system, S. pneumoniae have 
developed two ways to minimize complement-
mediated opsonization and phagocytosis. First, 
pneumococci undergo a second phase variation and 
become encapsulated. The polysaccharide capsule 
serves as a nonspecific barrier, significantly reducing 
complement deposition on the bacterial surface 
and limiting subsequent interaction with phagocytes. 
Second, pneumococcal surface proteins PspA, PspC, 
and pneumolysin target specific complement 
components, thereby reducing complement-mediated 
bacterial clearance [80]. PspA inhibits C1q and 
subsequent C3b deposition. PspC blocks the 
formation of C3 convertase (C3bBb), leading to lower 
C3b production and limiting opsonophagocytosis 
[44]. Recent in vitro studies showed that PspA and 
PspC work synergistically to limit complement-
mediated adherence and transfer to phagocytes 
[44]. Pneumolysine released during pneumococcal 
autolysis can also limit complement system function. 
The easy binding of pneumolysin to the Fc 
portion of IgG potentially activates the classical 
complement pathway away from the bacteria, 
leading to the depletion of complement factors 
and limiting opsonophagocytosis that helps to 
increase the virulence of bacteria [81, 82]. Thus, 
invasive S. pneumoniae infection may take place 
when the host is colonized with a pneumococcal 
strain to which it has not yet established immunity 
and when the host’s immune system is altered. 
 
5. S. pneumoniae interaction with adaptive 
immunity 
Adaptive immune responses can be broken down 
into two types of responses: humoral and cell-
 

by immune cells, prevents the recognition of the 
bacteria by host receptors and complement 
factors, and avoids neutrophil traps [42, 68, 69]. 
S. pneumoniae also expresses neuraminidase to 
target host cells. Neuraminidase is known for 
cleaving sialic acid from glycoproteins. This 
activity can lead to the removal of sialic acid 
from lactoferrin, which hinders lactoferrin’s 
bactericidal effect [10]. Neuraminidase is capable 
of deglycosylating mucus glycoconjugates, thereby 
decreasing mucus viscosity and preventing mucus 
entrapment [3]. S. pneumoniae also produce 
autolysin, an enzyme involved in autolysis of 
bacteria which results in the release of pneumolysin 
and other components from within the cell [70, 
71]. Pneumolysin, a pore-forming toxin, is a 
putative virulence factor. It binds to membranes 
containing cholesterol, and forms pores, which 
later lead to host cell lysis. Pneumolysin decreases 
epithelial cell ciliary beating, thereby enabling the 
pneumococcus to bind to epithelial cells without 
being removed with the mucus [72, 73]. Thus, 
autolysins promote colonization of nasopharyngeal 
cells due to the release of pneumolysin during cell 
wall degradation. In addition to causing cell lysis, 
pneumolysin plays a role in promoting the 
formation of biofilms [74]; it reduces mucus 
clearance of the bacterium, and it can interfere 
with the host’s immune system [75]. 
In addition to the respiratory mucus as natural 
barrier, lysozyme is also an important natural barrier 
and the pneumococcus has developed several 
strategies to overcome the lysosyme system. 
Peptidoglycan, wall teichoic, and lipoteichoic acids 
are the main components of S. pneumoniae’s cell 
wall and acetylated peptidoglycan molecules of 
the pneumococcal cell wall are specifically prone 
to lysozyme destruction. These glycan chains can 
undergo secondary modifications such as 
deacetylation and O-acetylation by pneumococcus 
enzymes, peptidoglycan N-acetylglucosamine-
deacetylase A and O-acetyltransferase, respectively. 
These modifications aid in S. pneumoniae’s 
virulence by making the cell resistant to lysozyme 
[10, 76]. 
Expression of pneumococcal surface protein A 
(PspA), a choline-binding protein expressed on the 
outer surface of the cell, prevents apolactoferrin-
mediated killing. Pneumococcal phosphorylcholine 
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in pneumococcal disease could be explained by 
the fact that IgM is the first antibody produced 
after neo-antigen stimulation, prior to IgA or IgG. 
Defects in IgM may affect antigen-specific IgA+ 
or IgG+ B cell maturation and function, thereby 
impairing late humoral responses and consequently 
leading to more severe bacterial infections. In 
addition, due to its pentameric structure, IgM 
would be expected to agglutinate and opsonize the 
pathogen more efficiently, and IgM is a key to the 
complement cascade activation in response to 
infection [83, 90].  
Similarly to humoral immunity, cell-mediated 
immunity is also important for clearance of 
S. pneumoniae. CD4+ T cells are activated via 
interaction with antigen-presenting cells and co-
stimulatory molecules, resulting in differentiation 
into T helper 1 (Th1) and 2 (Th2) cells. Th1 cells 
stimulate a cellular-mediated immune response by 
producing cytokines such as interferon-gamma 
(IFN-γ) that activate and recruit other immune 
cells such as macrophages and natural killer cells 
while Th2 helper cells release IL-4 cytokines and 
aim to facilitate a humoral immune response by 
interacting with B cells and stimulating antibody 
production [91]. In addition to Th1 and Th2, 
recent studies suggest a crucial role of interleukin-
17 secreting CD4+ T cells (T helper type 17 or 
Th17) and regulatory T cells (Tregs) in mediating 
the clearance of pneumococcal colonization [21, 
92, 93]. Th17 cells release cytokine IL-17 that is 
needed for recruiting and activating macrophages, 
monocytes, and neutrophils to sites of infection 
and promote the clearance of S. pneumoniae. Treg 
cells are necessary for regulating Th17’s production 
of IL-17, and imbalance between Tregs and Th17 
cells can lead to autoimmune disease [94]. 
Finally, cytotoxic T cells can directly kill infected 
cells. Similarly, natural killer T-cells are also 
important for clearance of pneumococci through a 
cytotoxicity mechanism [24, 70]. 
Despite the various mechanisms of the adaptive 
immune system, S pneumoniae have developed 
several methods to limit it destruction. First, the 
capsule itself prevents binding of IgA [44]. Second, 
capsule-bound IgA is cleaved by a pneumococcal 
IgA1 protease. This protease cleaves IgA at the 
hinge region, inhibiting IgA-mediated opsonization 

mediated. While humoral immunity involves B 
cells that produce antibodies specific to antigens, 
cell-mediated immunity involves T cells that can 
directly kill pathogenic cells [56]. All the cells 
involved in adaptive immune system respond to 
specific antigens from pathogens.  
Regarding B cells in S. pneumoniae infection, 
after antigen stimulation by pneumococcal capsular 
polysaccharides, naïve B cells can differentiate into 
IgM+ memory B cells and produce pneumococcal-
specific antibodies through T cell-dependent or 
T cell-independent pathways [83]. Later, during 
hypermutation and class switching, some 
pneumococcal-specific IgM+ B cells will 
differentiate to pneumococcal-specific IgG+ or IgA+ 
memory B cells or plasma cells. At birth, maternal 
IgG antibodies protect infants until 27 days of 
age, based on the half-life of IgG. Once maternal 
antibodies have been depleted, the infant’s ability 
to protect itself via steady antibody generation 
experiences a delay until age two [84]. Following 
S. pneumoniae colonization, specific IgA antibody 
is observed in mucosal areas of the nose and 
saliva and is recognized as a key humoral defense 
against infection at the mucosal sites [83, 85]. 
Secretory IgA interferes with binding to the 
nasopharyngeal mucosa and is important for 
opsonizing S. pneumoniae and promoting 
phagocytosis by antigen-presenting cells and 
neutrophils [3, 10]. In an IgA−/− mouse model, 
infection was observed despite a high level of IgG 
antibodies while no S. pneumoniae was found 
in IgA+/+-immunized mice. Therefore, IgA 
antibodies play a necessary role in the regulation 
of S. pneumoniae colonization in the nasal cavity 
[86]. These observations were reinforced by 
clinical studies in IgA-deficient patients who have 
reduced vaccine responses and have higher rates 
of recurrent infections and bronchiectasis [87], 
suggesting the pivotal role of IgA in the clearance 
of S. pneumoniae. Moreover, IgM is also important 
for immune responses against S. pneumoniae 
infection. The depletion of IgM abrogates the 
protective effect of antibodies in young adults, 
and lower level of IgM+ memory B cells has been 
implicated in the high incidence of lethal 
infections in the elderly population, suggesting 
that IgM is also critical for immune responses 
against infection [88-90]. The critical role of IgM 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

90 Yeri Esther Hien et al.

ACKNOWLEDGMENTS 
No specific funding was awarded for this review. 
We gratefully acknowledge the anonymous 
reviewers for their constructive comments and 
discussion. 
 
CONFLICT OF INTEREST STATEMENT 
The authors declare no competing interests. 
 
REFERENCES 
1. van de Beek, D., de Gans, J., Spanjaard, L., 

Weisfelt, M., Reitsma, J. B. and Vermeulen, 
M. 2004, The New England journal of 
medicine, 351(18), 1849-1859. 

2. Bijlsma, M. W., Brouwer, M. C., 
Kasanmoentalib, E. S., Kloek, A. T., Lucas, 
M. J., Tanck, M. W., van der Ende, A. and 
van de Beek, D. 2016, The Lancet Infectious 
diseases, 16(3), 339-347. 

3. Mook-Kanamori, B. B., Geldhoff, M., van der 
Poll, T. and van de Beek, D. 2011, Clinical 
microbiology reviews, 24(3), 557-591. 

4. Lim, W. S., Macfarlane, J. T., Boswell, T. 
C., Harrison, T. G., Rose, D., Leinonen, M. 
and Saikku, P. 2001, Thorax, 56(4), 296-301. 

5. Walport, M. J. 2001, The New England 
journal of medicine, 344(14), 1058-1066. 

6. Walport, M. J. 2001, The New England 
journal of medicine, 344(15), 1140-1144. 

7. Holers, V. M. 2014, Annu. Rev. Immunol., 
32, 433-459. 

8. Ricklin, D., Hajishengallis, G., Yang, K. and 
Lambris, J. D. 2010, Nature immunology, 
11(9), 785-797. 

9. Carroll, M. C. 2004, Molecular immunology, 
41(2-3), 141-146. 

10. Brooks, L. R. K. and Mias, G. I. 2018, 
Frontiers in immunology, 9, 1366. 

11. Gonçalves, M. T., Mitchell, T. J. and Lord, 
J. M. 2016, Biogerontology, 17(3), 449-465. 

12. Ricklin, D., Reis, E. S., Lambris and J. D. 
2016, Nature reviews Nephrology 12(7), 
383-401. 

13. Whitsett, J. A. and Alenghat, T. 2015, 
Nature immunology, 16(1), 27-35. 

14. Nelson, A. L., Roche, A. M., Gould, J. M., 
Chim, K., Ratner, A. J. and Weiser, J. N. 
2007, Infect Immun., 75(1), 83-90. 

and promoting binding to the respiratory mucosa 
[95]. The remaining Fab fragment of IgA binds to 
the cell wall, thereby exposing choline-binding 
proteins and decreasing the negative charge of the 
capsule, which also facilitates bacterial adhesion 
to the epithelial cell [3, 95]. In addition, adaptive 
immune response varies with age. The efficacy of 
the adaptive immune cells diminishes in elderly 
populations with reduced production of antibodies, 
immunoglobulin class switching, and cell maturation, 
which promotes S. pneumoniae’s colonization 
[11]. There is also an overall reduction in naïve 
T cells with age due to thymus involution [96]. 
Diminished responses from the adaptive immune cells 
explain the higher incidence rates of pneumococcal 
diseases in these high-risk age groups. 
 
CONCLUSION 
S. pneumoniae is transferred between people mainly 
by coughing and sneezing and is one of the most 
common causes of meningitis and pneumonia in 
both industrialized and developing countries. 
After transmission to the host, S. pneumoniae is 
first confronted by the host’s innate immune 
system, which plays a pivotal role in host defense 
at the earliest stages of infection. At the 
nasopharyngeal site, S. pneumoniae is targeted by 
physical, cellular and molecular barriers of the 
respiratory tract, which utilize a variety of 
strategies to obstruct microbe entry. The complement 
system is one of the major mechanisms by which 
S. pneumoniae recognition is converted into an 
effective host defense against initial infection. 
Deficits in the complement system are associated 
with high prevalence of serious pneumococcal 
infections. Despite the recurrent epidemics of 
meningitis and also the exponential number of 
cases of S. pneumoniae infection in sub-Saharan 
Africa, more particularly in Burkina Faso, data on 
deficits of the complement system are very poor 
or even non-existent. 
 
AUTHOR CONTRIBUTIONS 
Study concept, design, definition of intellectual 
content and literature search: YEH and ARN. 
Manuscript preparation: YEH, ARN and DK. 
Manuscript review: YEH, ARN, DK, DK, OO, 
GO and YT. 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Innate and adaptive immunity in S. pneumoniae infection                                                                          91

27. Evans, S. E. and Ost, D. E. 2015, Current 
opinion in pulmonary medicine, 21(3), 260-
271. 

28. Arredouani, M. S., Yang, Z., Imrich, A., 
Ning, Y., Qin, G. and Kobzik, L. 2006, 
American journal of respiratory cell and 
molecular biology, 35(4), 474-478. 

29. Mancuso, P., Curtis, J. L., Freeman, C. M., 
Peters-Golden, M., Weinberg, J. B. and 
Myers, M. G. Jr. 2018, American journal of 
physiology Lung cellular and molecular 
physiology, 315(1), L78-l86. 

30. Kafka, D., Ling, E. Feldman, G., 
Benharroch, D., Voronov, E., Givon-Lavi, 
N., Iwakura, Y., Dagan, R., Apte, R. N. and 
Mizrachi-Nebenzahl, Y. 2008, International 
immunology, 20(9), 1139-1146. 

31. Takashima, K., Tateda, K., Matsumoto, T., 
Iizawa, Y., Nakao, M. and Yamaguchi, K. 
1997, Infect Immun., 65(1), 257-260. 

32. Xu, F., Droemann, D., Rupp, J., Shen, H., 
Wu, X., Goldmann, T.,Hippenstiel, S., 
Zabel, P. and Dalhoff, K. 2008, American 
journal of respiratory cell and molecular 
biology, 39(5), 522-529. 

33. Arango Duque, G. and Descoteaux, A. 2014, 
Frontiers in immunology, 5, 491. 

34. Kadioglu, A. and Andrew, P. W. 2004, 
Trends in immunology, 25(3), 143-149. 

35. Gregory, C. D. and Devitt A. 2004, 
Immunology, 113(1), 1-14. 

36. Dockrell, D. H. and Brown J. S. 2015, 
Edited by Brown J, Hammerschmidt S, 
Orihuela C. Amsterdam: Academic Press, 
401-422. 

37. Beutler, B. 2004, Molecular immunology, 
40(12), 845-859. 

38. Kawai, T. and Akira, S. 2009, International 
immunology, 21(4), 317-337. 

39. Takeda, K. and Akira, S. 2005, International 
immunology, 17(1), 1-14. 

40. Dessing, M. C., Schouten, M., Draing, C., 
Levi, M., von Aulock, S. and van der Poll, 
T. 2008, The Journal of infectious diseases, 
197(2), 245-252. 

41. Srivastava, A., Henneke, P., Visintin, A., 
Morse, S. C., Martin, V., Watkins, C., Paton, 
J. C., Wessels, M. R., Golenbock, D. T. and 
Malley, R. 2005, Infect Immun., 73(10), 
6479-6487. 

15. André, G. O., Politano, W. R., Mirza, S., 
Converso, T. R., Ferraz, L. F., Leite, L. C. and 
Darrieux, M. 2015, Microbial pathogenesis, 
89, 7-17. 

16. Jenssen, H., Hamill, P. and Hancock, R. E. 
2006, Clinical microbiology reviews, 19(3), 
491-511. 

17. Shimada, J., Moon, S. K., Lee, H. Y., 
Takeshita, T., Pan, H., Woo, J. I., 
Gellibolian, R., Yamanaka N. and Lim D. J. 
2008, BMC infectious diseases, 8, 134. 

18. Cole, J., Aberdein, J., Jubrail, J. and 
Dockrell, D. H. 2014, Advances in microbial 
physiology, 65, 125-202. 

19. Krone, C. L., Trzciński, K., Zborowski, T., 
Sanders, E. A. and Bogaert, D. 2013, Infect 
Immun., 81(12), 4615-4625. 

20. Kolaczkowska, E. and Kubes, P. 2013, Nature 
reviews Immunology, 13(3), 159-175. 

21. Lu, Y. J., Gross, J., Bogaert, D., Finn, A., 
Bagrade, L., Zhang, Q., Kolls, J. K., 
Srivastava, A., Lundgren, A., Forte, S., 
Thompson, C. M., Harney, K. F., Anderson, 
P. W., Lipsitch, M. and Malley, R. 2008, 
PLoS pathogens, 4(9), e1000159. 

22. Simon, A. K., Hollander, G. A. and 
McMichael, A. 2015, Proceedings Biological 
sciences, 282(1821), 20143085. 

23. Nussbaum, C., Gloning, A., Pruenster, M., 
Frommhold, D., Bierschenk, S., Genzel-
Boroviczény, O., von Andrian, U. H., 
Quackenbush, E. and Sperandio, M. J. 2013, 
Leukoc Biol., 93(2), 175-184. 

24. Paterson, G. K. and Mitchell, T. J. 2006, 
Microbiology (Reading, England), 152(Pt 2), 
285-293. 

25. Preston, J. A., Bewley, M. A., Marriott, H. 
M., McGarry Houghton, A., Mohasin, M., 
Jubrail, J., Morris, L., Stephenson, Y. L., 
Cross, S., Greaves, D. R., Craig, R. W., van 
Rooijen, N., Bingle, C. D., Read, R. C., 
Mitchell, T. J., Whyte, M. K. B., Shapiro, S. 
D. and Dockrell, D. H. 2019, American 
journal of respiratory and critical care 
medicine, 200(1), 84-97. 

26. Taut, K., Winter, C., Briles, D. E., Paton, J. 
C., Christman, J. W., Maus, R., Baumann, 
R., Welte, T. and Maus, U. A. 2008, 
American journal of respiratory cell and 
molecular biology, 38(1),105-113. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

92 Yeri Esther Hien et al.

54. Ling, M. and Murali, M. 2019, Clinics in 
laboratory medicine, 39(4), 579-590. 

55. Harris, C. L., Heurich, M., Rodriguez de 
Cordoba, S. and Morgan, B. P. 2012, Trends 
in immunology, 33(10), 513-521. 

56. Dunkelberger, J. R. and Song, W. C. 2010, 
Cell research, 20(1), 34-50. 

57. Merle, N. S., Noe, R., Halbwachs-Mecarelli, 
L., Fremeaux-Bacchi, V. and Roumenina, L. 
T. 2015, Frontiers in immunology, 6, 257. 

58. Bonilla, F. A., Khan, D. A., Ballas, Z. K., 
Chinen, J., Frank, M. M., Hsu, J. T., Keller, 
M., Kobrynski, L. J., Komarow, H. D., 
Mazer, B., Nelson, R. P., Jr., Orange, J. S., 
Routes, J. M., Shearer, W. T., Sorensen, R. 
U., Verbsky, J. W., Bernstein, D. I., 
Blessing-Moore, J., Lang, D., Nicklas, R. 
A., Oppenheimer, J. Portnoy, J. M., 
Randolph, C. R., Schuller, D., Spector, S. L., 
Tilles, S. and Wallace, D. 2015, The Journal 
of allergy and clinical immunology, 136(5), 
1186-1205.e1181-1178. 

59. Chapel, H., Geha, R. and Rosen, F. 2003, 
Clinical and experimental immunology, 
132(1), 9-15. 

60. Picard, C., Puel, A., Bustamante, J., Ku, C. 
L. and Casanova, J. L. 2003, Current opinion 
in allergy and clinical immunology, 3(6), 
451-459. 

61. Mook-Kanamori, B. B., Brouwer, M. C., 
Geldhoff, M., Ende, A. and van de Beek, D. 
2014, The Journal of infection, 68(6), 542-
547. 

62. Kasanmoentalib, E. S., Valls Seron, M., 
Ferwerda, B., Tanck, M. W., Zwinderman, 
A. H., Baas, F., van der Ende, A., Schwaeble, 
W. J., Brouwer, M. C. and van de Beek, D. 
2017, Journal of neuroinflammation, 14(1), 2. 

63. Hovingh, E. S., van den Broek, B. and 
Jongerius, I. 2016, Front Microbiol., 7, 2004. 

64. Figueroa, J. E. and Densen, P. 1991, Clinical 
microbiology reviews, 4(3), 359-395. 

65. Ram, S., Lewis, L. A. and Rice, P. A. 2010, 
Clinical microbiology reviews, 23(4), 740-
780. 

66. Ugrinovic, S., Firth, H., Kavanagh, D., 
Gouliouris, T., Gurugama, P., Baxendale, 
H., Lachmann, P. J., Kumararatne, D. and 
Gkrania-Klotsas, E. 2020, Clinical and 
experimental immunology, 202(3), 379-383. 

42. Rabes, A., Suttorp, N. and Opitz, B. 2016, 
Current topics in microbiology and 
immunology, 397, 215-227. 

43. Cho, S. J., Rooney, K., Choi, A. M. K., 
Stout-Delgado, H. W. 2018, American 
journal of physiology Lung cellular and 
molecular physiology, 314(3), L372-l387. 

44. Andre, G. O., Converso, T. R., Politano, W. 
R., Ferraz, L. F., Ribeiro, M. L., Leite, L. C. 
and Darrieux, M. 2017, Front Microbiol, 8, 
224. 

45. Ricklin, D. and Lambris, J. D. 2013, Journal 
of immunology (Baltimore, Md: 1950), 
190(8), 3831-3838. 

46. Paterson, G. K. and Orihuela, C. J. 2010, 
Respirology (Carlton, Vic), 15(7), 1057-1063. 

47. Sarma, J. V. and Ward, P. A. 2011, Cell and 
tissue research, 343(1), 227-235. 

48. Brown, J. S., Hussell, T., Gilliland, S. M., 
Holden, D. W., Paton, J. C., Ehrenstein, M. 
R., Walport, M. J. and Botto, M. 2002, 
Proceedings of the National Academy of 
Sciences of the United States of America, 
99(26), 16969-16974. 

49. Rupprecht, T. A., Angele, B., Klein, M., 
Heesemann, J., Pfister, H. W., Botto, M. and 
Koedel, U. 2007, Journal of immunology 
(Baltimore, Md: 1950), 178(3), 1861-1869. 

50. Yuste, J., Sen, A., Truedsson, L., Jönsson, 
G., Tay, L. S., Hyams, C., Baxendale, H. E. 
Goldblatt, F., Botto, M. and Brown, J. S. 
2008, Infect Immun., 76(8), 3761-3770. 

51. Ali, Y. M., Lynch, N. J., Haleem, K. S., 
Fujita, T., Endo, Y. Hansen, S., Holmskov, 
U., Takahashi, K., Stahl, G. L., Dudler, T., 
Girija, U. V., Wallis, R., Kadioglu, A., Stover, 
C. M., Andrew, P. W. and Schwaeble, W. J. 
2012, PLoS pathogens, 8(7), e1002793. 

52. García-Laorden, M. I., Rodríguez de Castro, 
F., Solé-Violán, J., Payeras, A., Briones, M. 
L., Borderías, L. Aspa, J., Blanquer, J., 
Rajas, O., Marcos-Ramos, J. A., Herrera-
Ramos, E., García-Bello, M. A., Noda, J., 
Ferrer, J. M., Rello, J. and Rodríguez-
Gallego, C. 2013, The European respiratory 
journal, 41(1), 131-139. 

53. Brouwer, M. C., Baas, F., van der Ende, A. 
and van de Beek, D. 2013, PloS one, 8(5), 
e65151. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

80. Jarva, H., Jokiranta, T. S., Würzner, R. and 
Meri, S. 2003, Molecular immunology, 
40(2-4), 95-107. 

81. Alcantara, R. B., Preheim, L. C. and Gentry-
Nielsen M. J. 2001, Infection and immunity, 
69(6), 3569-3575. 

82. Yuste, J., Botto, M., Paton, J. C., Holden, D. 
W., Brown, J. S. 2005, Journal of immunology 
(Baltimore, Md : 1950), 175(3), 1813-1819. 

83. Richards, L., Ferreira, D. M., Miyaji, E. N., 
Andrew, P. W. and Kadioglu, A. 2010, 
Immunobiology, 215(4), 251-263. 

84. Infante, A. J., McCullers, J. A. and Orihuela, 
C. J. 2015, In: Streptococcus Pneumoniae. 
Edited by Brown J, Hammerschmidt S, 
Orihuela C. Amsterdam: Academic Press, 
363-382. 

85. Zhang, L., Li, Z., Wan, Z., Kilby, A., Kilby, 
J. M., Jiang, W. 2015, Vaccine, 33(36), 
4430-4436. 

86. Fukuyama, Y., King, J. D., Kataoka, K., 
Kobayashi, R., Gilbert, R. S., Oishi, K., 
Hollingshead, S. K., Briles, D. E. and 
Fujihashi, K. 2010, Journal of immunology 
(Baltimore, Md : 1950), 185(3), 1755-1762. 

87. Aghamohammadi, A., Cheraghi, T., 
Gharagozlou, M., Movahedi, M., Rezaei, N., 
Yeganeh, M., Parvaneh, N., Abolhassani, 
H., Pourpak, Z. and Moin, M. 2009, Journal 
of clinical immunology, 29(1), 130-136. 

88. Park, S. and Nahm, M. H. 2011, Infect 
Immun., 79(1), 314-320. 

89. Shi, Y., Yamazaki, T., Okubo, Y., Uehara, 
Y., Sugane, K. and Agematsu, K. 2005, 
Journal of immunology (Baltimore, Md : 
1950), 175(5), 3262-3267. 

90. Adler, H., Ferreira, D. M., Gordon, S. B. and 
Rylance, J. 2017, Clin Vaccine Immunol., 
24(6), e00004-00017. 

91. Romagnani, S. 1999, Inflammatory bowel 
diseases, 5(4), 285-294. 

92. Mubarak, A., Ahmed, M. S., Upile, N., 
Vaughan, C., Xie, C., Sharma, R., Acar, P., 
McCormick, M. S., Paton, J. C., Mitchell, 
T., Cunliffe, N. and Zhang, Q. 2016, 
Clinical microbiology and infection : the 
official publication of the European Society 
of Clinical Microbiology and Infectious 
Diseases, 22(8), 736.e731-737. 

67. Nilsson, S. C., Sim, R. B., Lea, S. M., 
Fremeaux-Bacchi, V. and Blom, A. M. 2011, 
Molecular immunology, 48(14), 1611-1620. 

68. Hyams, C., Camberlein, E., Cohen, J. M., 
Bax, K., Brown, J. S. 2010, Infect Immun., 
78(2), 704-715. 

69. Mitchell, A. M. and Mitchell, T. J. 2010, 
Clinical microbiology and infection : the 
official publication of the European Society 
of Clinical Microbiology and Infectious 
Diseases, 16(5), 411-418. 

70. van der Poll, T. and Opal, S. M. 2009, Lancet 
(London, England), 374(9700), 1543-1556. 

71. Steel, H. C., Cockeran, R., Anderson, R. and 
Feldman, C. 2013, Mediators of inflammation, 
2013, 490346. 

72. Feldman, C., Anderson, R., Cockeran, R., 
Mitchell, T., Cole, P. and Wilson, R. 2002, 
Respiratory medicine, 96(8), 580-585. 

73. Feldman, C., Mitchell, T. J., Andrew, P. W., 
Boulnois, G. J., Read, R. C., Todd, H. C., 
Cole, P. J. and Wilson, R. 1990, Microbial 
pathogenesis, 9(4), 275-284. 

74. Shak, J. R., Ludewick, H. P., Howery, K. E., 
Sakai, F., Yi, H., Harvey, R. M., Paton, J. 
C., Klugman, K. P. and Vidal, J. E. 2013, 
mBio, 4(5), e00655-00613. 

75. Hotomi, M., Yuasa, J., Briles, D. E. and 
Yamanaka N. 2016, Folia microbiologica, 
61(5), 375-383. 

76. Bui, N. K., Eberhardt, A., Vollmer, D., 
Kern, T., Bougault, C., Tomasz, A., Simorre, 
J. P. and Vollmer, W. 2012, Analytical 
biochemistry, 421(2), 657-666. 

77. Bagnoli, F., Moschioni, M., Donati, C., 
Dimitrovska, V., Ferlenghi, I., Facciotti, C., 
Muzzi, A., Giusti, F., Emolo, C., Sinisi, A., 
Hilleringmann, M., Pansegrau, W., Censini, 
S., Rappuoli, R., Covacci, A., Masignani, V. 
and Barocchi, M. A. 2008, Journal of 
bacteriology, 190(15), 5480-5492. 

78. Song, X. M., Connor, W., Hokamp, K., 
Babiuk, L. A. and Potter, A. A. 2009, 
Microbial pathogenesis, 46(1), 28-35. 

79. Elm, C., Braathen, R., Bergmann, S., Frank, 
R., Vaerman, J. P., Kaetzel, C. S., Chhatwal, 
G. S., Johansen, F. E. and Hammerschmidt, 
S. 2004, The Journal of biological 
chemistry, 279(8), 6296-6304. 

Innate and adaptive immunity in S. pneumoniae infection                                                                          93



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

94 Yeri Esther Hien et al.

95. Weiser, J. N., Bae, D., Fasching, C., 
Scamurra, R. W., Ratner, A. J. and Janoff, 
E. N. 2003, Proceedings of the National 
Academy of Sciences of the United States of 
America, 100(7), 4215-4220. 

96. Coder, B. and Su, D. M. 2015, Oncotarget, 
6(26), 21777-21778. 

 

93. Zhang, Z., Clarke, T. B. and Weiser, J. N. 
2009, The Journal of clinical investigation, 
119(7), 1899-1909. 

94. Hoe, E., Anderson, J., Nathanielsz, J., Toh, 
Z. Q., Marimla, R., Balloch, A. and 
Licciardi, P. V. 2017, Microbiology and 
immunology, 61(2), 49-56. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


